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GTP and GTP-~,-S enhanced several-fold the NADPH-depcndent supcroxide production i duced by sodium dodeeyl sul- 
fate in a eell-free system of pig neutrophils consisting of the mebrane fraction and two cytosolic fractions eparated by 
gel filtration. The enhanced activity was decreased by the addition of GDP in a dose-dgl~endcnt manner, but 70~ .of the 
activity in the absenee of GTP remained even at 1 mM GDP. Only one cytosol fraction besides the membrane fraction 
was required for the activation i  the presence of GTP. The cytosol fraction was analyzed by chromatography on 2%5'- 
ADP agarose and two components responsible for the (3TP-depcndent and independent activation were separated. These 
results uggest that at least wo pathways are available for the activation of supcroxide production i the cell-free system 
of pig neutrophils. 
Superoxide; NADPH oxidase; SDS; Cell-free system; GTP; (Pig neutrophil) 
1. INTRODUCTION 
Neutrophi ls  generate superoxide anion (O£) dur-  
ing phagocytos is  or  when st imulated by a variety 
o f  st imuli  [1,2]. The O£ product ion is considered 
to be catalyzed by the membrane-bound NADPH 
oxidase which is dormant  in the resting state. 
Recently, the activating process has been studied in 
d isrupted unst imulated phagocytes [3]. The ox- 
idase in the homogenates of  neutrophi ls  can be ac- 
t ivated by SDS [7-10] or fatty acids such as 
arachidonic  acid and oleic acid [3 -6 ,8 -13] .  Both 
cytosol  and membrane fractions are necessary for 
the act ivat ion. Part ia l  pur i f icat ion o f  the cytosol  
f ract ion has been per formed [10-12,14,19], but 
the factors obta ined are di f ferent f rom each other 
in number  and molecular  mass. The involvement 
o f  a guanine nucleot ide-binding regulatory protein 
(G-protein)  in the cell-free activating system has 
been suggested [8,11,15]. 
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We have previously shown that the cytosol  frac- 
t ion o f  pig neutrophi ls  is composed of  two factors 
(C~ and C2) which are separated by gel f i l trat ion 
and exhibit synergy for the SDS-dependent activa- 
t ion o f  oxidase [14]. This report  describes the fur- 
ther character izat ion o f  the cytosol  factors and 
showed that  there are at least two, the GTP-  
dependent  and independent,  pathways leading to 
the act ivat ion o f  the NADPH oxidase in the cell- 
free system of  pig neutrophi ls .  
• 2. MATERIALS  AND METHODS 
Sephadex G-200 and 2',5'-ADP Scpharose 4B were pur- 
chased from Pharmacia Fine Chemicals (Sweden). The follow- 
ing material was obtained from Sigma (USA): ferricytochrome 
c, superoxide dismutase (SOD), guanosine triphosphate (GTP), 
guanosine 5'-O-(3-thiotriphosphate) (GTP-7-S). Other eagents 
were of analytical grade. 
The membrane and cytosol fractions of pig neutrophils were 
prepared as previously described [14], except hat a phosphate- 
buffered saline was replaced by a Hepes-buffered saline con- 
sisting of 131 mM NaCI and 10 mM Hepes, pH 7.0. 
Superoxide production was measured by determining the rate 
of superoxide dismutase-inhibitable ferricytochrome c reduc- 
tion at 550-540 nm using a dual-wavelength spectrophotometer 
(Hitachi 557) as described previously [14]. The protein concen- 
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tration was measured by the method of Lowry et al. [16] or 
Bradford [17] with bovine serum albumin as the standard. 
Chromatography of the cytosol fraction on Sephadex G-200 
was carried out as previously described [14]. The cytosol frac- 
tion (15.8 nag in 10 ml) was applied to a Sephadex G-200 col- 
umn (2.64 x 85 cm) equilibrated with Hepes-buffered saline, 
pH 7.0, at 4°C. Elution was carried out with the same buffer 
and fractions of 6 ml were collected. The OF production was 
measured as described in the legend. Fractions between 36-40 
and 52-59 are designated as C~ and C2 fractions, respectively. 
The C~ fraction was analyzed by chromatography on 
2',5'-ADP Sepharose 4B. The column of 2',5'-ADP 
Sepharose 4B (7 ml) was equilibrated with a wash buffer con- 
sisting of 10 mM Hepes, pH 7.0, 0.34 M sucrose, 0.1 M NaC1 
and 2 mM NaN3 at 4°C. The C1 fraction (1.9 mg in 8 ml) was 
applied to the column and then the column was washed with the 
buffer at 6 ml/h for 6 h. Elution was carried out at a flow rate 
of 12 ml/h. The elution buffer consisted of 65 mM Hepes, pH 
6.3, 0.34 M sucrose, 0.1 M NaCI and 2 mM NaN3 with a linear 
gradient of increasing NADPH concentration. 
3. RESULTS 
The Of -produc ing  activity was induced by SDS 
in a cell-f lee system consisting of  the membrane 
fract ion and two cytosol ic factors (the Cz and C2 
fractions) of  pig neutrophi ls ,  as previously shown 
[14]. The SDS- induced activity was markedly  
enhanced by the addi t ion o f  GTP  or its 
nonhydro lyzable  analogue GTP-7-S,  as shown in 
f ig . lA .  The concentrat ions required for half- 
maximal  effects of  GTP  and GTP-7-S  were 2/zM 
and 500 nM, respectively, and the maximal  effects 
were observed at 10/zM of  both nucleotides. The 
membrane and cytosol  fractions prepared from the 
cells treated with pertussis and cholera toxins both 
at 1/zg/ml  showed no change in the potency to 
produce Of  in the presence and absence of  GTP-  
7-S. The activity increased by 10/zM GTP or GTP-  
7-S was decreased by the addi t ion of  GDP in a 
dose-dependent manner  with the half - inhibit ion 
concentrat ion o f  40/~M (f ig. lB) .  The activity, 
however,  was not completely abol ished even at 
1 mM GDP and about  70% of  the activity without 
GTP-7 -S  remained.  The observat ions suggest hat 
there may be two dif ferent,  GTP-dependent  and 
- independent,  pathways to activate the NADPH 
• oxidase in the cell-free system. 
Fract ionat ion o f  the cytosol  by gel f i l trat ion on 
a Sephadex G-200 column gave peaks o f  the fac- 
tors at about  300 kDa (CO and about  50 kDa (C2) 
which exhibited synergy in the SDS- induced Of  
product ion  (f ig.2A). The low C2 activity was 
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Fig.1. Influence of guanine nucleotides on SDS-induced OF 
production i  a cell-free system of pig neutrophils. (A) The OF 
production was measured in the mixture of the membrane 
fraction (52/~g of protein), the C1 fraction (48/~g of protein) 
and the Cz fraction (92/~g of protein) in the presence of various 
concentrations of GTP (t) or GTP-.y-S ((~) as described in 
section 2. (B) Effects of various concentrations of GDP on the 
OF production in the presence of 10/~M GTP-y-S. Assay 
conditions were the same as in A. 
observed at a peak o f  about  1.3 kDa (C3). When 
the SDS- induced Of  product ion was assayed by 
mixing single fract ion o f  the eluates and the mem- 
brane fract ion in the presence of  10/zM GTP-7-S,  
only one peak which coincided with that of  C~ was 
observed (fig.2B). This indicates that C1 contains 
at least two components ,  one needs C2 and another 
needs GTP  or GTP-7-S  besides the membrane 
fract ion for the activation. 
Table 1 shows the SDS- induced Of  product ion 
under various condit ions.  The membrane,  Cz or C2 
alone, or the mixture of  the membrane and C2 
showed no detectable Of  product ion.  The activity 
by the membrane plus C1 was low and increased by 
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Fig.2. Gel filtration of the cytosol fraction on Sephadex G-200. 
Chromatography of the cytosol fraction on a Sephadex G-200 
column was performed as described in section 2. The protein 
concentration of the eluate was monitored at 280 nm ( ). 
(A) The activity of C~ factor (o) was assayed with 0.2 ml of 
each fraction in the presence of C2 fraction (0.2 ml of fraction 
55) and the activity of the C2(C3) factor (e) was assayed in the 
presence of C~ fraction (0.2 ml of fraction 37). The SDS- 
induced O£ production by the mixture of factors C~, C2(C3) and 
the membrane fraction (55/~g of protein) is shown. (B) The 
SDS-induced OE production was measured inthe mixture of the 
membrane fraction (55/zg of protein) and single fraction of the 
eluates (0.2 ml) in the presence of 10/zM GTP-T-S. 
the addit ion of either C2 or GTP-7-S.  Sum of the 
increased activities was essentially the same as the 
activity by the membrane plus C1 in the presence of 
both C2 and GTP-7-S.  This result supports the 
supposit ion that the C1 fraction contains two com- 
ponents.  
When C1 was applied to a 2 ' ,5 ' -ADP Sepharose 
4B column, the components responsible for the ac- 
t ivation were bound to the gel. The components 
could be eluted by a linear gradient of NADPH as 
shown in fig.3. The Of -producing activity was 
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Table 1 
SDS-induced Of production i various conditions 
Conditions Of production 
(nmol/min per mg of 
membrane protein) 
Membrane 0 
Membrane + Cm 17.9 + 5.5 
Membrane + C2 0 
Membrane + C] + GTP-T-S 187.0 + 41.7 
Membrane + Cm + C2 70.9 + 11.5 
Membrane + Cl + C2 + GTP-7-S 275.4 + 31.7 
The Of production was measured inthe presence and absence 
of 10/zM GTP-T-S as described in section 2. The protein 
contents of the membrane fraction, the C~ fraction (C~) and the 
C2 fraction (C2) in the reaction mixture were 50/~g, 45/zg and 
88/zg, respectively. The results are expressed asthe means :t: SD 
of three independent experiments 
measured in the mixture of the membrane and the 
eluates in the presence of 10/zM GTP-7-S (activity 
I) or the C2 fraction (activity II), or both (activity 
III). The peaks of the activities I and II coincided 
with two peaks of the activity III. No activity was 
observed by incubat ion of the eluates and the 
membrane fraction without GTP-7-S.  The C2 frac: 
t ion did not bind to the gel. The observations show 
that the C1 fraction contains two components in- 
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Fig.3. Demonstration f two components in the Ct fraction by 
chromatography on2' ,5'-ADP Sepharose 4B. Conditions of 
the chromatography are described in section 2. The O[ 
production was measured in the mixture of 0.2 ml of each 
eluate and the membrane fraction (55/zg of protein) in the 
presence of either the C2 fraction (95/zg of protein) (activity I; 
; z,) or 10/zM GTP-7-S (activity II; c~---Q) or both 
(activity IIl; o---o). The protein concentration f the eluate 
( ) was measured by the method of Bradford [17]. 
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volved in the GTP-dependent and -independent ac- 
tivation of the Or production in the cell-free 
system of pig neutrophils. 
4. DISCUSSION 
We show in this report hat there are at least wo 
pathways which lead to the activation of the 
NADPH-dependent Or production in a cell-flee 
system of pig neutrophils. The result might be 
physiologically significant, because distinct 
multiform pathways in intact cells have been 
reported to be involved in the activation 
mechanisms [2]. 
The observation that the two components in the 
C1 fraction bound to a 2' ,5'-ADP agarose could 
be eluted by NADPH, suggests a possibility that 
the components contain the NADPH-binding sites 
of the Or-producing oxidase and that the com- 
ponents translocate to the membrane during the 
activation process, because the oxidase activated in
the cell-free system is restored in the membrane 
fraction [11,14,18]. Another possibility, however, 
should be considered. The membrane fraction 
from bovine neutrophils and the detergent extracts 
from the membranes of pig neutrophils are ac- 
tivated without he cytosol fraction by arachidonic 
acid and phosphatidic acid, respectively [18,20], 
indicating the presence of the NADPH-binding site 
in the membrane. The NADPH-binding compo- 
nent may localize both in the membrane fraction 
and in the cytosol fraction. 
According to previous work [8,11] and our 
reports, a G-protein insensitive to pertussis and 
cholera toxin seems to be involved in the activation 
of Or production in the cell-free system of 
neutrophils. Recently, the existence of G-proteins 
with lower molecular masses (22-26 kDa) in 
human eutrophils which are insensitive to the per- 
tussis toxin has been demonstrated [21]. There re- 
mains a possibility, however, that the observed 
effects of guanine nucleotide are due to a Mg 2+ 
GTP-dependent system other than a G-protein, 
such as tubulin or one of the microtubule 
associated proteins [22]. GTP and GTP-7-S 
possibly bind to the component in the membrane 
fraction or to one of the components in the C1 
fraction responsible for the GTP-dependent ac- 
tivation. Doussiere t al. [18] have reported that 
GTP-7-S interacts primarily with the cytosol factor 
of bovine neutrophils. 
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